Dark-grown bean leaves (Phascolus vulgaris) which had been greened for several days in a repetitive series of brief xenon flashes were studied during the initial induction period when 02 evolution first ap-pears. The induction of 02 evolution requires actinic irradiation (e.g. 2 mw/cm2 of red ijght) and goes to completion in about 8 minutes with a half-time just under 3 minutes. Absorbance measurements on the intact leaves showed that a change of a carotenoid pigment, monitored at 505 nm, was closely correlated with the rate of 02 evolution during the induction period. Inhibitor studies, however, showed that the absorbance change persisted in the presence of a number of inhibitors which blocked 02 evolution. Electron microscopy revealed that the primary thylakoids which were unfusd in the flashed leaves before induction became fused in pairs or groups of three during the 8-minute induction period. It is postulated that the 505-nm absorbance change of the carotenoid pipnent is correlated more directly with the fusion process than with 02 evolution. Heat treatment (45 C for 5 min) or infiltration with 0.8 M tris, which prevented the fusion process, also prevented the absorbance change.
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If the leaves were preilluminated for 8 minutes with very weak red light (20 #w/cm2) which induced no 02 evolution, absorbance change, or thylakoid fusion, there was an immediate burst of 02 evolution at the onset of actinic irradiation and the induction period, as noted by 02 evolution or by the 505-nm absorbance change, was reduced to 2 minutes (half-time of 40 seconds). It is concluded that the electron transport system in the flashed leaves is blocked at the Mn site between water and photosystem II and that the photoactivation of Mn into the thylakoid membranes occors during the low light, photoactivation process. After the electron tansport chain is thus repaired, ion-pumping mechanisms driven by actinic light may lead to steady-state photosynthesis as weil as to thylakoid fusion.
Dark-grown leaves which have been partially greened with a series of brief flashes have unique characteristics which make them particularly suited for the study of the development of photosynthetic activities (8, 12, 15) . These leaves are not capable of 02 evolution when first illuminated, but they develop that capacity during an initial induction period of 5 to 8 min in continuous light (20) . The such leaves can photoreduce DPIP2 using artificial electron donors to photosystem 11 (14, 16, 19) , but they cannot use water as the electron donor. After induction, however, the leaves or chloroplast preparations from the leaves can use water as the source of electrons and thereby evolve 02. Somehow, the lesion in the electron transport chain between water and photosystem II is mended by the action of light. It was suggested that this repair process in flashed leaves involves the incorporation of manganese into a Mn-protein complex in the thylakoid membranes (8, 12, 19) . EPR evidence has also been presented (13) which tends to show that more manganese is bound to washed plastid particles of flashed leaves after induction.
The flashed leaves have an unusual morphology in that individual well formed thylakoids (called primary thylakoids) accumulate in parallel arrays but do not fuse together into grana (15) . The pigment composition of these leaves is also atypical in that the ratio of Chl a to Chl b is quite high (15) . When these leaves are placed in continuous light, the thylakoids fuse and grow into multithylakoid stacks and both Chl a and b accumulate, approaching a ratio of about 3:1 as the morphology of the flashed leaf is transformed to that of a normal mature green leaf.
The purpose of the present paper is to identify and study some of the processes which occur in a flashed leaf during the first few minutes of illumination and are associated with the induction of 02 evolution. In particular, we have looked for irreversible lightinduced absorbance changes which appear to be correlated with functional or structural changes during the induction period.
MATERUILS AND METHODS
Bean seeds (Phaseolus vulgaris var. red kidney) were soaked overnight and planted in vermiculite. After 4 days in darkness, the plants were irradiated with a repetitive series of 1-msec flashes from a xenon lamp once every 12 min for 6 days.
All measurements were carried out with a triple arm fiberoptic light pipe combination with three 0.4-cm light pipes coming together at a glass rod (1 x 10 cm) which serves as a mixing chamber so that illumination through a single light pipe gives a uniform irradiation field at the end of the rod. Two such light pipe combinations were used, one for the top surface of the leaf, and one for the bottom surface as described previously (17, 19 light pipe. The leaf could be irradiated with red light through one of the other light pipes. With those measurements, it was convenient to leave the leaves attached to the growing plant.
For measurements of 02 evolution, the glass rod (1 x 10 cm) which terminated the three light pipes on the lower surface of the leaf had a platinum electrode in the center and a silver ring as a reference electrode at the edge and served as a Clark-type 02 electrode (18, 19) . A 1-cm leaf disc was placed on a Teflon membrane which covered the end of the electrode and a second membrane held down by an 0-ring was placed on top of the leaf. The second light pipe combination was placed on the top surface. In this manner, absorbance changes and 02 exchange could be measured simultaneously while the leaf disc was being irradiated with red actinic light delivered by one of the light pipes.
Time course changes of absorbance were measured as the difference in transmission between 505 nm and a reference wavelength at 555 nm with an Aminco-Chance Duochromator (dual wavelength monochromator).
Red actinic light, used to irradiate the leaf and to stimulate 02 evolution, was obtained from a He-Ne laser which delivered 2 mw/cm2 of 633 nm light through the light pipe system to the surface of the leaf. For photosensitization experiments, the intensity of this same source was decreased by a 1% neutral density filter to 20 ,uw/cm2. The far red light (a maximum at 734 nm with 50% points at 720 and 760 nm) was obtained with a xenon lamp and glass filters (one 2030, two 5850, and one 2600 Corning filter, and a Calflex heat-reflecting filter) which gave 5 mw/cm at the leaf.
The inhibitor studies were carried out on 1-cm leaf discs which were vacuum-infiltrated in buffer (0.4 M sucrose, 5 mM tris-HCl, 10 mM NaCl) solutions for 30 min before the measurements. For comparisons of the effects of inhibitors on absorbance changes and structural changes, the same samples that were measured spectrophotometrically were fixed in glutaraldehyde and prepared for electron microscopy as described previously (6) .
RESULTS
A flashed leaf incapable of evolving 02 becomes fully induced to evolve 02 during an 8-min irradiation with moderate intensities (2 mw/cm2) of red light. In our search for other parameters which might be correlated with the induction of 02 evolution, we examined the leaves for absorbance changes which occur during this induction process. The absorption spectrum of a flashed leaf was measured before and after an inductive irradiation: these spectra are presented as the curves marked FL and FLI, respectively, in Figure 1 . The difference spectrum, FLI-FL, shows that absorbance changes occurred during the irradiation which are characteristic of a carotenoid pigment change. Fourth derivative spectra indicate the peak positions of absorption bands with much greater precision than can be deduced directly from the absolute absorption spectra (2) . The fourth derivative curves of the absorption spectra in Figure 1 , FL'V and FLI'v, show that the four bands apparent in the difference spectrum were each generated by a hypsochromic band shift of an absorption band during the induction process. Absorption spectra were also measured on a leaf after various cumulative periods of irradiation (Fig. 2) .
These absorption spectra and their corresponding irradiatedminus-dark (L-D) difference spectra show a progressive change and well defined isosbestic points, at least for the three longest wavelength difference bands. We take these isosbestic points to indicate the change of a particular carotenoid pigment from one form to another.
The absorbance change at 505 nm and the 02 exchange from a single flashed leaf were measured simultaneously as a function of time during the induction period (Fig. 3) . A moderate intensity of light (2 mw/cm2 at 633 nm) produced a maximal absorbance change at 505 nm and a maximal rate of 02 evolution (Fig. 3 less than maximal but the half-time for the induction process indicated by either the 02 curve or the absorbance curve was essentially the same. When the intensity of light was then increased to a saturating level (latter half of curves marked c), the rate of 02 evolution and the extent of the absorbance change increased to their maximum levels but with more rapid kinetics (half-time of about 40 sec).
It was reported previously (21) that preillumination with a very weak intensity of light, which induces no measurable rate of 02 evolution itself, markedly shortens the induction period for a subsequent irradiation at higher intensities. The effect of such a preillumination period for 8 min with 20 Mw/cm2 of red light is shown in Figure 3a . After the preillumination, irradiation with a higher intensity (2 mw/cm2) caused an immediate burst of 02 and a further rise to the maximum rate of evolution. The concomitant absorbance measurement at 505 nm shows a relatively rapid increase reaching a maximum at about the same time that the maximum rate of 02 evolution is reached. The half-time for induction after preillumination was about 40 sec (curves a) versus half-times of about 160 sec without preillumination (curves b). With the intermediate intensity of light (curves c), the irradiation for 8 min partially induced 02 evolution and also served as a preillumination period so that the more rapid induction response accompanied the subsequent irradiation at the higher intensity.
The close correlation between the induction of 02 evolution and the absorbance change raised the question as to how closely these two phenomena are coupled to one another. This question was examined by measuring the absorbance change with flashed leaves in which the 02-evolving processes had been inhibited. Vacuum infiltration of fully induced leaves with the various inhibitors indicated in Figure 4 blocked 02 evolution; vacuum infiltration with buffer alone (the control) had no inhibitory effect. Light-minus-dark difference spectra due to an 8-min inductive irradiation for flashed leaves subjected to the various inhibitory treatments are shown in blocked the absorbance change as well as 02 evolution. Figure 5 shows the sensitivity of 02 evolution in previously induced flashed leaves to vacuum infiltration with various concentrations of DCMU and CCCP as well as the sensitivity of the lightinduced absorbance change at 505 nm in uninduced leaves to these inhibitors. These data indicate that there is a concentration range somewhat over two orders of magnitude with DCMU and a range somewhat under two orders with CCCP where 02 evolution is blocked but the absorbance change still occurs. Thus, the absorbance change can occur in the presence of inhibitors which block 02 evolution.
The effect of DCMU on the ability of a preillumination period with weak red light to sensitize the flashed leaf so that it re- sponds more rapidly to a subsequent irradiation with an actinic intensity was examined by measuring the kinetics of the absorbance change at 505 nm. The data in the top part of Figure 6 show that preillumination of an untreated (control) leaf for 10 min with 20 ,uw/cm of 633-nm light markedly decreased the induction period for the absorbance change. The preillumination had the same effect on a leaf which had been treated with DCMU (lower part of Fig. 6 ). We conclude that DCMU has no effect on the sensitization processes which occur in very weak light.
The submicroscopic morphology of the flashed leaves was examined by electron microscopy to determine if any structural changes accompany the induction process. Figure 7A shows on irradiation with actinic light (Fig. 3, curve a) . Inoue under all conditions.
The results reported here suggest a mechanism by which light may induce the fusion of primary thylakoids in the flashed leaves. Izawa and Good (9) showed that the association of thylakoids into grana in suspensions of broken chloroplasts was controlled by the ionic conditions of the medium; the grana became unstacked into individual thylakoids in low salt media, and the individual thylakoids could be reassociated into granalike stacks by the addition of salts. Murakami and Packer (10) confirmed these observations and noted that divalent cations were much more effective than monovalent cations for the reformation of the grana. From these considerations, we would propose that Mg2+ is concentrated in the intrathylakoid space of the primary thylakoids of flashed leaves. On irradiation, Mn2+ is first sequestered in an active form into the thylakoid membranes thereby turning on noncyclic electron transport. Then, as H+ is pumped into the thylakoids, Mg2+ is driven out (7) into the narrow space between adjacent thylakoids to give a concentration sufficient to induce fusion. Although such a mechanism seems attractive to account for the light-induced structural changes, concentrations of 10-5 M CCCP, which we would assume should short circuit the proton pump, did not prevent the fusion of the primary thylakoids of the flashed leaves. On the other hand, 10-5 M CCCP did block the light-induced fusion of primary thylakoids in bean leaves partially greened in far red light (3) . (Leaves greened in far red light appear to be very similar to those greened with brief flashes in that they show parallel arrays of primary thylakoids which fuse together in actinic irradiation.) Further work with uncouplers and ionophores is needed to confirm or dispel this proposed role of ion pumps to induce fusion of the primary thylakoids and to address the question of whether ion pumps driven solely by PSI can be sufficient for these processes.
The requirement for actinic intensities of light, above that 
